Invisibility cloaks designed by transformation optics include a perfect shield, which exclude electromagnetic fields from the cloaked region. Due to the shield, observers inside the cloak cannot see the outside. We propose a cloak that permits communication with the outside, based on a layered photonic crystal (PC) structure. The PC acts as an effective shield in the reflection bandgap, leaving the transmission band available for communication with the outside. A procedure to design an infinitely long cylindrical cloak consisting of concentric layers of dielectric and metal is given. For the proposed structure, the performance of cloaking in the reflection band and of communication in the transmission band is computed.
INTRODUCTION
An invisibility cloak guides light around an object and conceals it from electromagnetic detection. Currently, there is increasing interest in achieving theoretically and practically invisibility using nonmagnetic homogeneous isotropic materials. The original design of the cloak via coordinate transformation was proposed by Pendry et al. [1 and Leonhardt and co-workers [,3] . Some practical cloaks were successfully demonstrated both by experiments [4] and by numerical simulations [5, 6] . However, the design involves inhomogeneous anisotropic permittivities and permeabilities that cannot be easily realized. A nonmagnetic cloak was proposed by Cai et al. [7, 8] , but the design still has inhomogeneous anisotropic permittivities. A nonmagnetic cloak consisting of homogeneous isotropic materials was proposed by Huang et al. [9] , which is realized by a subwavelength concentric layered structure. Recently, an alternating five-layered cloak consisting of dielectric and metal was demonstrated by optimizing layer thicknesses [10] .
However, these conventional cloaks lead in principle to a perfect shield, excluding electromagnetic fields from the cloaked region [1] . A perfect electric conductor (PEC) shell effectively plays a role of the perfect shield because it also gives zero electromagnetic fields inside the cloaked region, and is numerically more convenient than the infinite permittivity values of a perfect shield [6, [11] [12] [13] . Due to the shield, observers inside the cloaks cannot see the outside as shown in Fig. 1(a) . Although cloaking can work only for a single wavelength because of the causality limit [1] [2] [3] 14] , communication using other wavelengths has many potential applications. A photonic crystal (PC) is suitable for the purpose, because the PC acts as an effective shield for an invisible wavelength in the reflection bandgap, leaving the transmission band available for communication [15] . As shown in Fig. 1(b) , we can use the PC as a substitute for the PEC in the conventional cloak ( Fig. 1(a) ).
The open-cloak [16] and anticloak [17] have been proposed to see the outside. While the open-cloak has an open window and permits both cloaking and communication, its cloaking performance is degraded by the window. The anticloak is joined to the inner cloak and prevents the cloaking, but does not permit simultaneous cloaking and communication with the outside. On the other hand, the frequency-tunable cloaks by moderating input intensities in nonlinear structures [18] and cloaks employing PC structures [19] [20] [21] [22] potentially can see the outside by using the transmission band. In particular, Farhat and co-workers have proposed the cylindrical cloak consisting of small infinitely conducting sectors [23] [24] [25] , and have described the dispersive properties. However, it is difficult to simultaneously optimize the cloaking and communication performance in such structures, and communication with the outside has not been addressed.
In this paper, we design an infinitely long cylindrical cloak consisting of alternating layered structure of dielectric and metal. A procedure to optimize the cloaking and communication performances is illustrated. The proposed cloak successfully functions without disturbing the light path for an invisible wavelength in the reflection bandgap of the PC. For a wavelength in the transmission band, about 63% transmittance is demonstrated using the finite-difference time-domain (FDTD) method.
DESIGN OF A LAYERED CLOAK WITH THE PHOTONIC CRYSTAL
For the sake of simplicity, we restrict the problem to the twodimensional transverse magnetic (TM) mode. In the TM mode, the nonmagnetic cylindrical cloak can be expressed by the following parameter set [7] :
where ε is the relative permittivity, μ is the relative permeability, and a, b are the inner and outer radii of the cloak, respectively. When the layers are sufficiently thin compared with electromagnetic field wavelengths, the single anisotropic medium can be constructed by concentric layers [26] . Equation (1) is then related to two different layer permittivities (ε M , ε D ) as follows [9, 10] :
where η is the ratio of ε M and ε D thicknesses. Based on these fundamentals, we design an infinitely long cylindrical cloak consisting of 12 alternating layers of dielectric (relative permittivity ε D ) and metal (relative permittivity ε M ). Figure 2 (a) shows the proposed structure: six inside and six outside layers act as the PC and cloak, respectively; the inside and outside of the structure is vacuum; R is the radius of the cloaked region; t 0 is the thickness of the six PC layers; t 1 ; t 2 ; …; t 6 are the thicknesses of the six cloak layers; and m 1; 2; …; 12 is the layer number. Relations of layers, materials and thicknesses in the designed structure are listed in Table 1 . As an example, we take the invisible wavelength to be λ 0 700 nm (angular frequency ω 2.691 PHz), R 500 nm, t 0 20 nm, ε D 100, and ε M is given by the nonabsorbing Drude model,
where the plasma frequency is ω p 2.677 PHz (ε M 0.01 for λ 0 700 nm). We first confirm that the PC layers functions as an effective shield for the invisible wavelength λ 0 700 nm. The concentric layers form a one-dimensional (1D) PC with respect to radial propagation. Figure 2(b) shows the transmission spectrum for a six-layered 1D PC with t 0 20 nm. The PC gives less than 1% transmission at λ 0 700 nm in the reflection bandgap. Even though the plane wave impinging on the infinitely long cylinder is not radially 1D, the light entering into the cloaked region is significantly reduced as demonstrated later.
Next we optimize the thicknesses of the cloak layers, t 1 ; t 2 ; …; t 6 , by minimizing the total scattering width. Whereas, mapping the ideal parameters of Eq. (1) to layer parameters in Eq. (2) requires many layers [9] , the optimization permits one to construct the cloak with just a few layers and furthermore improves the invisibility [10] . The total scattering width can be analytically calculated by Mie theory [27] as the following. The incident (H 0 z ) and scattered (H s z ) magnetic fields for TM incidence along the x-direction are given by 
where J n is the Bessel function of the first kind, H 1 n is the Hankel function of the first kind, k 0 is the wavenumber outside the structure, and c n is the expansion coefficient. The total magnetic fields in the cloaked region (H 
where k m is the wavenumber in the mth layer (m 1; 2; …; 12), and a m n , b m n , d n are expansion coefficients. The a m n , b m n , c n , and d n are determined by enforcing the boundary conditions. In the TM mode, the continuity of H z and E ϕ parallel to the interface are enforced, where E ϕ is given by
The strength of the electromagnetic scattering by an infinitely long cylinder can be measured by computing the scattering width,
The cloak successfully functions when the σ is minimized in all directions. We optimize the thicknesses of the cloak layer, t 1 ; t 2 ; …; t 6 , using the quasi-Newton method. To minimize the σ in all directions, the total scattering width is chosen as the optimization function,
By the optimization, we obtained a set of thicknesses for the cloak layer as follows: t 1 22.66 nm, t 2 4.53 nm, t 3 18.12 nm, t 4 2.249 nm, t 5 32.63 nm, and t 6 1.206 nm. We note that the thicknesses are scalable to any size increasing the wavelength, and several decimal places are retained in order to permit scaling up. On the other hand, the number of layers and their thicknesses are functions of permittivity. In order to simplify the problem, we chose a high value of dielectric permittivity. Using more layers, one could choose a lower value of permittivity and thicker layers to achieve cloaking [9, 10] .
To demonstrate the performance of the designed cloak with the PC, we calculate the magnetic field distribution given by Eqs. (4)-(7). Figures 3(a) and 3(b) show the calculated H z field and intensity distributions for the incident wavelength of 700 nm, respectively. The maximum intensity inside the cloaked region is about a thirtieth that of the incident intensity, and is much lower in many places. Therefore, even when an object is placed in the cloaked region, the external scattering increases very little. In figure 3(c) , scattering widths for the designed structure and an uncloaked PEC cylinder with R 500 nm are compared. The designed cloak has a scattering width less than about 1% of the PEC in all directions.
COMMUNICATION BETWEEN THE INSIDE AND OUTSIDE OF THE CLOAK
Communication through the designed cloak is realized in the transmission band. Figure 4 shows the transmission spectrum for the 12-layer radially 1D structure, which includes designed thicknesses, t 0 ; t 1 ; …; t 6 . For communication, we choose the wavelength λ 0 198 nm in the transmission band which has the highest transmittance ≅0.97. However, the practical ratio of the transmitted energy to the incidence is lower than in the 1D case, because only a small part of the incident field is Table 1 . Relations of Layers, Materials and Thicknesses in Designed Structure, with D and M Indicating the Dielectric and Metal, Respectively normally incident for the cylindrical geometry. At the invisible wavelength of 700 nm, the transmittance for 12 layers (Fig. 4 ) rises to about 10% relative to those of six layers ( Fig. 2(b) ), but the light entering into the cloaked region is sufficiently reduced as shown in the previous section (Fig. 3) . In order to verify the transmission through the designed structure, we calculate electromagnetic propagation from the inside to the outside using the FDTD method [28] . Figure 5 (a) shows the simulation setup: a TM wave source of λ 0 198 nm is inside the structure; the grid spacing is h 0.5 nm; the time step is given by the Courant limit; and the computational domain of 1.8 μm × 1.5 μm is terminated by the perfectly matched layer (PML) absorbing boundaries. Figure 5(b) shows the calculated H z field distribution at the steady state (about 120 wave periods). The energy ratio of the transmitted light through the layer structure to the incident is about 63%, and thus the designed structure allows practical communication between the inside and outside.
CONCLUSION
We have designed an infinitely long cylindrical cloak with a PC consisting of 12 alternating layers of dielectric and metal. Six inside and six outside layers of the designed structure act as the PC and cloak, respectively. The PC prevents light from entering into the cloaked region in the reflection bandgap, leaving the transmission band available for communication. Designing the cloak with the PC requires three steps: (1) choose an invisible wavelength in the PC reflection bandgap; (2) optimize the thicknesses of cloak layers by minimizing the total scattering width; and (3) choose the optimal communication wavelength in the transmission band. In this example, λ 0 198 nm is the optimal wavelength for communication, but as Fig. 4 shows, other wavelengths (for example in the 360-400 nm band) are also available.
The proposed cloak successfully functions in the reflection band of the PC, and permits communication between the outside in transmission band. The performance of the designed cloak has been demonstrated in analytic calculations of the magnetic field, intensity, and scattering width. Communication through the designed structure has been verified by the FDTD simulation.
